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Abstract
Objective A complication after spinal fusion surgery is
pseudarthrosis, but its radiological diagnosis is of limited
value. 18F-fluoride PET with its ability to assess bone
metabolism activity could be of value. The goal of this
study was to assess the clinical feasibility of calculating the
static standardized uptake value (SUV) from a short
dynamic scan without the use of blood sampling, thereby
obtaining all dynamic and static parameters in a scan of
only 30 min. This approach was tested on a retrospective
patient population with persisting pain after spinal fusion
surgery.
Methods In 16 patients, SUVs (SUVmax, SUVmean) and
kinetic parameters (K1, k2, k3, vb,Ki,NLR,K1/k2, k3/(k2 ? k3),
Ki,patlak) were derived from static and dynamic PET/CT
scans of operated and control regions of the spine, after
intravenous administration of 156–214 MBq 18F-fluoride.
Parameter differences between control and operated
regions, as well as between pseudarthrosis and fused seg-
ments were evaluated. SUVmean at 30 and 60 min was cal-
culated from kinetic parameters obtained from the dynamic
data set (SUVmean,2TCM). Agreement between measured and
calculated SUVs was evaluated through Bland–Altman
plots.
Results Overall, statistically significant differences
between control and operated regions were observed
for SUVmax, SUVmean, Ki,NLR, Ki,patlak, K1/k2 and k3/
(k2 ? k3). Diagnostic CT showed pseudarthrosis in 6/16
patients, while in 10/16 patients, segments were fused.
Of all parameters, only those regarding the incorporation
of bone [Ki,NLR, Ki,patlak, k3/(k2 ? k3)] differed statisti-
cally significant in the intervertebral disc space between
the pseudarthrosis and fused patients group. The mean
values of the patient-specific blood clearance rate s
differed statistically significant between the pseudarthro-
sis and the fusion group, with a p value of 0.011. This
may correspond with the lack of statistical significance
of the SUV values between pseudarthrosis and fused
patients. Bland–Altman plots show that calculated
SUVmean,2TCM values corresponded well with the mea-
sured SUVmean values.
Conclusion This study shows the feasibility of a 30-min
dynamic 18F-fluoride PET/CT scanning and this may pro-
vide dynamic parameters clinically relevant to the diag-
nosis of pseudarthrosis.
Keywords 18F-fluoride PET/CT  SUV  Kinetic
modeling  Lumbar spine  Spinal fusion
Introduction
Low back pain is a major global health and economic
problem [1–3], with a 1-year prevalence ranging from 22 to
65 % and lifetime prevalence of up to 84 % [4]. The direct
costs, including patient care, medical procedures and
medication are acceptable, however, the yearly indirect
costs caused by absence from work and early retirement are
manifold [2].
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Low back pain is mainly caused by degenerative dis-
orders of the spine, such as spondylolisthesis, degenerative
scoliosis, degenerative disc disease, or recurrent disc her-
niations [5, 6]. If conservative measures such as intensive
exercise therapy, pain medication or brace immobilization
fail, spinal fusion is considered. In at least 15 % of primary
lumbar fusions, pseudarthrosis occurs instead of bony
fusion [7, 8]. Pseudarthrosis is defined as the absence of
solid fusion (nonunion) 1 year after the operation, and is
typically associated with axial or radicular pain [7, 9].
Although solid fusion is not required for pain relief [10],
pseudarthrosis in general, even without clinical symptoms,
increases the risk of clinical failure, late deformity, neu-
rological symptoms and pain [11].
Surgical exploration remains the gold standard for
diagnosing pseudarthrosis [7, 9, 12–15]. Current non-in-
vasive, imaging assessment of pseudarthrosis in patients
with persistent or recurrent symptoms after spinal fusion
includes plain radiography, flexion–extension radiography,
ultrasound, bone scintigraphy, computed tomography (CT)
and magnetic resonance imaging (MRI). Most radiological
modalities aim at the detection of well-established pseu-
darthrosis by looking at anatomical signs of bony con-
nection between the vertebrae. In contrast, single-photon
emission computed tomography (SPECT) and positron
emission tomography (PET) are 3D functional imaging
modalities looking at biological processes underlying the
process of fusion. Therefore, these imaging techniques may
detect an evolving pseudarthrosis. A few studies have
reported on the use of PET/CT scanning for the detection
of union/pseudarthrosis after spinal fusion and have indi-
cated the value of 18F-fluoride PET/CT scanning in
symptomatic patients [16–19].
These studies have analyzed the PET images by cal-
culating the standardized uptake value (SUV) to assess
bone metabolism. SUV is a valuable tool in clinical
practice, easy and fast to use, and can provide repro-
ducible results. However, SUV is dependent on the time
after injection [20], and the rate of clearance of the
radiotracer from the arterial blood [21]. For 18F-fluoride,
Blake [22] has shown that SUV is not optimal in
patients with disorders or drugs having an effect on the
whole skeleton bone metabolism due to increased blood
clearance. Full pharmacokinetic analysis, yielding the
fluoride bone influx rate Ki (Ki,NLR and Ki,patlak) based on
the Hawkins model [23], is not dependent on time after
injection nor on blood clearance rate. So far, the benefits
that dynamic scanning yields have been outweighed by
the practical use and ease of static scanning. Siddique
has stated that it is possible to calculate the dynamic
parameter Ki from a static scan in combination with
several venous blood samples, obviating the need to
make dynamic scans [21]. However, this excludes
calculation of the individual dynamic parameters that Ki
is composed of, while the significance of these additional
parameters has not been fully explored for this patient
population.
The goal of this study was to assess the clinical feasi-
bility of obtaining dynamic and static parameters from a
30-min scan without the use of blood sampling and com-
pare these parameters in a retrospective patient population
with persisting pain after spinal fusion surgery.
Materials and methods
Patients
A cohort of 16 patients was enrolled in this study between
June 2008 and February 2015. Patients who underwent
posterior lumbar interbody fusion (PLIF) surgery for the
indication 1–2 grade degenerative spondylolisthesis, and
who suffered from persisting or recurrent low back pain
after the procedure without an obvious clinical or radio-
logical explanation were included in the study. The patient
group consisted of 11 female and 5 male patients, with a
mean age at surgery of 44.9 years (range 26–64 years) and
a body mass index (BMI) of 29.5 kg/m2 (range
19.3–44.6 kg/m2). Patients were operated on level L3–L4
(n = 2), L4–L5 (n = 4) or L5–S1 (n = 10). The time
interval between fusion surgery and the PET/CT exami-
nation was 4–75 months (mean 22 months, median
17 months). One patient underwent PLIF surgery at two
levels. Therefore, the total number of operated levels to be
analyzed was 17. This study was performed in accordance
with the Helsinki Declaration of 1975, as revised in 2013,
and was part of a protocol accepted by the medical ethical
committee of the Maastricht University Medical Center
(NL.32881.068.11) in which patients gave their written and
informed consent.
Posterior lumbar interbody fusion (PLIF), surgical
technique
Under general anesthesia and in a prone position, the
vertebral arches of the intended levels were identified
under fluoroscopic control and exposed by an open poste-
rior lumbar approach. Nerve roots were decompressed by
laminectomy and the intervertebral disc was excised. After
thorough cleansing of the endplates, two 10–12 mm
intervertebral cages (Capstone PEEK, Medtronic, Mem-
phis, USA), filled with autologous bone from the vertebral
lamina, were inserted into the disc space, right and left of
the midline. Additionally, the remaining disc space was
packed with autologous bone chips from the laminectomy.
Next, the upper and lower vertebrae were fixed by 4
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transpedicular screws with titanium rods (CD Legacy,
Medtronic, Memphis, USA) for primary stabilization.
18F-fluoride PET/CT scans
The PET and CT images were acquired with an integrated
PET/CT scanner (Gemini TF PET-CT, Philips, The
Netherlands). First, a low-dose CT acquisition (120 kV, 30
mAs, slice thickness 4 mm) used for localization purposes
and attenuation correction of the PET images was made.
Immediately after intravenous injection of 156-214 MBq
(mean 188 MBq; median 186 MBq) Na-(18F)-fluoride, the
dynamic scanning started which involved a three-dimen-
sional 30-min list mode PET scan of the operated segment
in an 18-cm axial field of view. This list mode scan was
rebinned into the following consecutive time frames:
6 9 5, 3 9 10, 9 9 60, 10 9 120 s. Static scanning
involved a low-dose CT acquisition (parameters as in the
dynamic case) followed by a conventional PET scan
60 min after injection, covering the whole lumbosacral
spine, acquired by two bed positions of 5 min each. This
was immediately followed by a high-dose, non-contrast
enhanced CT scan (64-slice helical, 120 kV, 250 mAs,
slice 1 mm with increment of 0.8 mm) of the fusion region.
Standard filtered backprojection CT reconstruction was
performed. PET images were reconstructed into both non-
attenuated and CT-based attenuated images using the
standard blob-os-TF reconstruction algorithm. Images were
viewed on clinical software (EBW, Philips, The Nether-
lands) and further analyzed by a research tool (PMOD 3.0,
PMOD Technologies Ltd, Zu¨rich).
Analysis of 18F-fluoride PET/CT scans
Twelve parameters were derived from the static and
dynamic PET scans. The mean and maximum SUV at
30 min were calculated from the last frame of the dynamic
scan (SUVmean30 and SUVmax30). The mean and maximum
SUV at 60 min were calculated from the static scan
(SUVmean60 and SUVmax60). The analysis of the dynamic
scans was based on the 2 tissue compartment model
(2TCM) [23]. Through nonlinear regression (NLR) analy-
sis, K1, k2, k3, vb, Ki,NLR, K1/k2 and k3/(k2 ? k3) were
calculated from the dynamic scan. Ki,patlak was calculated
from the dynamic scan through Patlak graphical analysis
[24, 25].
The twelve parameters were calculated based on a
region of interest (ROI) approach. In each CT scan, 6
ellipsoid-shaped ROIs were manually drawn following the
contours of the vertebrae (slice thickness 4 mm, short axis
range 40–50 mm, long axis range 55–65 mm), including
the intervertebral disc space and upper and lower endplates
of the operated segment as well as of a control segment 2
levels higher (Fig. 1a). These ROIs were transferred to the
co-registered attenuation-corrected PET image (Fig. 1b).
1. SUV was obtained by correcting the radioactivity
concentration measured by the PET scanner [A (kBq/
ml)] for the injected dose of 18F-fluoride [ID (MBq)]





2. For dynamic analysis, the arterial blood input function
and the tissue time–activity curves (TACs) were
needed. The same 6 ROIs that were used in static
analysis were applied to the dynamic frames to
generate the TACs. The arterial blood input function
was determined by means of an image-derived input
function (IDIF) obtained via a thresholding method.
The frames of the dynamic PET scan that showed a
clear bolus (2–4 frames early in the dynamic scan)
were summed. In the summed image, a 75 % threshold
was applied to a box placed manually around the
abdominal aorta, to obtain a volume of interest (VOI).
By applying the VOI to all dynamic frames, the IDIF
was generated.
The IDIF and ROI TACs were fitted to the 2TCM
using a nonlinear regression algorithm and a Patlak
algorithm (PMOD 3.0, PMOD Technologies Ltd,
Zu¨rich) estimating the kinetic parameters K1, k2, k3,
vb and Ki,patlak. The parameter k4 was assumed to be
negligible and set to 0.
The fluoride bone influx rate, Ki (previously referred to
in literature as Kbone), represents the net uptake rate of
18F in the bone mineral, calculated as a combination of
the rate constants (2). K1 is correlated to bone
perfusion [26]. Also calculated was k3/(k2 ? k3),
which represents the fraction of tracer entering the
tissue compartment that undergoes specific binding to
the bone mineral [26] and K1/k2, which represents the
volume of distribution of tracer in the unbound pool
[27].
Ki;NLR ¼ K1  k3
k2 þ k3 ð2Þ
3. The relationship between SUV and Ki,NLR can be
written as (3), which was derived using the analytical
solution of the 2TCM for the time-dependent tissue
radioactivity concentration. In which, fb represents the
blood fraction (L/kg) defined as the ratio of total blood
volume to body mass and s (Bq s/Bq) is the blood
fractional residence time in a region, defined as the
mean time that an administered substance spends in
that region [28]. The full derivation can be found in
‘‘Appendix’’.
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lim
t!1 SUV2TCM  Ki;NLR 
s
fb
¼ Ki;NLR  s ð3Þ
In (3), the factor s (Bq s/Bq) is defined as the blood
residence time normalized to the blood fraction. The
residence time as well as the blood fraction are
patient-specific factors that are not directly related to
metabolic bone activity at a specific site of interest
but do have an effect on SUV. This relationship
together with the Ki,NLR values was used to calculate
SUV at 30 and 60 min from the 30-min dynamic
scan (SUVmean30,2TCM and SUVmean60,2TCM, respec-
tively). Moreover, the factor s was calculated for
each patient to evaluate the inter-subject variability
that this factor introduces to the SUV. Based on the
CT scan, patients were divided into two categories.
Patients who had no signs of bony bridging between
the two operated vertebrae were categorized as
pseudarthrosis. Patients with bony bridges were cat-
egorized as fused.
Statistical analysis
Statistical evaluation was performed using IBM SPSS
Statistics for Windows, Version 20.0 (Armonk, NY: IBM
Corporation). To test the data for normality of distribution,
the Shapiro–Wilk test was used. The Pearson correlation
test was used to examine the correlation between the dif-
ferent methods. The goodness of the fit was determined
through calculation of R2. The differences between the
control and the operated regions, and between the pseu-
darthrosis and fused patients were compared using the
Wilcoxon signed-rank test. The magnitude of the observed
differences between operated and control regions was
evaluated by calculation of the Cohen’s d effect size, which
is defined as the difference between the two means of the
subgroups divided by the standard deviation of the com-
plete data set. In practice, the higher (positive or negative)
the value of Cohen’s d effect size, the larger the difference
is. To determine whether the calculated SUV agreed with
the measured SUV, Bland–Altman plots were evaluated
Fig. 1 ROI definition. a An axial, sagittal and coronal CT image
(from left to right) of the lower spine after PLIF. Three ROIs were
drawn in the operated segment: the lower endplate of the cranial
vertebra (pink), the intervertebral disc (yellow), the upper endplate of
the caudal vertebra (black). The same three ROIs were drawn in a
normal reference segment 2 levels above the operated segment (red,
green and blue, respectively). b The six ROIs were transferred to the
co-registered PET image (axial, sagittal and coronal views from left to
right)
802 Ann Nucl Med (2015) 29:799–809
123
[29]. p values smaller than or equal to 0.05 were considered
statistically significant.
Results
Table 1 summarizes the fluoride bone metabolic values,
i.e., SUV, Patlak and NLR rate constants for the control
and the operated regions. As can be seen, statistically
significant differences between control and operated
regions (upper, lower endplate and intervertebral) were
found for most of the obtained parameters, although not for
the individual rate constants K1, k2, k3 and vb. The highest
statistical significance values were found for SUVmean60
(0.001–0.002), Ki,patlak (0.001–0.003), Ki,NLR, K1/k2
(0.004–0.03) and k3/(k2 ? k3) (0.003–0.02).
When comparing the Cohen’s d effect size of the
operated to the control regions, parameters concerning
Table 1 Parameter values of
control and operated regions
Parameter Region of interest Control regionsa Operated regionsa p valueb Effect size
SUVmean30 (–) UE 5.0 (1.2) 7.7 (2.2) 0.002 1.6
IDS 2.3 (0.74) 7.0 (2.1) 0.001 3.6
LE 5.1 (1.1) 7.8 (2.0) 0.001 1.3
SUVmax30 (–) UE 6.7 (1.7) 11 (3.3) 0.002 1.8
IDS 3.6 (1.5) 11 (3.1) 0.001 3.3
LE 7.2 (1.9) 11 (3.2) 0.001 1.6
SUVmean60 (–) UE 6.2 (1.1) 8.6 (2.3) 0.002 1.6
IDS 2.6 (0.83) 7.3 (2.1) 0.001 3.3
LE 6.4 (1.2) 8.9 (2.5) 0.002 1.3
SUVmax60 (–) UE 8.4 (1.6) 13 (3.8) 0.001 1.5
IDS 4.4 (2.5) 12 (3.2) 0.001 3.6
LE 9.1 (2.8) 14 (4.9) 0.005 1.3
Ki,patlak (min
-1) UE 0.053 (0.012) 0.081 (0.023) 0.003 1.7
IDS 0.020 (0.0072) 0.075 (0.022) 0.001 3.4
LE 0.050 (0.011) 0.084 (0.021) 0.001 1.9
Ki,NLR (min
-1) UE 0.055 (0.012) 0.079 (0.020) 0.002 1.8
IDS 0.022 (0.0064) 0.073 (0.025) 0.001 3.5
LE 0.053 (0.011) 0.076 (0.029) 0.011 1.8
K1 (ml g
-1 min-1) UE 0.23 (0.12) 0.19 (0.027) 0.463 -0.29
IDS 0.14 (0.065) 0.18 (0.037) 0.022 0.70
LE 0.20 (0.067) 0.20 (0.076) 0.594 -0.065
k2 (min
-1) UE 1.0 (1.7) 0.23 (0.21) 0.019 -0.63
IDS 0.41 (0.25) 0.27 (0.25) 0.14 -0.61
LE 0.27 (0.13) 0.32 (0.64) 0.056 0.12
k3 (min
-1) UE 0.21 (0.19) 0.14 (0.13) 0.055 -0.33
IDS 0.076 (0.039) 0.16 (0.15) 0.026 0.87
LE 0.098 (0.041) 0.15 (0.15) 0.363 0.51
vb (–) UE 0.027 (0.016) 0.041 (0.017) 0.003 0.99
IDS 0.032 (0.011) 0.040 (0.017) 0.022 0.50
LE 0.041 (0.019) 0.040 (0.018) 0.975 -0.23
K1/k2 (ml g
-1) UE 0.56 (0.33) 2.2 (2.4) 0.004 0.84
IDS 0.42 (0.21) 1.8 (2.0) 0.003 1.0
LE 0.89 (0.32) 3.2 (5.5) 0.03 0.47
k3/(k2 ? k3) (–) UE 0.29 (0.14) 0.41 (0.099) 0.003 1.3
IDS 0.18 (0.088) 0.40 (0.14) 0.004 2.5
LE 0.29 (0.089) 0.41 (0.20) 0.016 1.2
UE upper endplate, IDS intervertebral disc space, LE lower endplate
a Values as mean (SD in brackets), 2 significant digits
b The p value indicates the statistical difference between the operated and control region
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bone metabolism (SUVmean60, SUVmax60, Ki,patlak and
Ki,NLR) showed larger differences for the intervertebral disc
space (around 3.5) than for the endplates (around 1.5). This
corresponded to the increase of bone turnover in the fusion
region in contrast to the non-osseous normal intervertebral
disc space. Equation (2) shows that bone metabolism
parameter Ki,NLR consists of a part related to bone blood
perfusion, K1, and a part related to bone incorporation k3/
(k2 ? k3). As can be seen in Table 1, looking at the
intervertebral values, the effect size for k3/(k2 ? k3) was
2.5, whereas the effect size for K1 was only 0.70, indicating
that the high effect size of Ki,NLR, was mainly caused by a
higher amount of bone incorporation and not due to an
increase in K1.
Figures 2 and 3 show the relationship between Ki,NLR
and Ki,patlak and between SUV and Ki values, respectively.
Figure 2a shows a very high correlation between Ki,NLR
and Ki,patlak (Pearson correlation value of 0.98,
p\ 0.0001), indicating that the two dynamic approaches
are robust. Figure 2b shows a Bland–Altman plot for the
data shown in Fig. 2a. The mean difference between Ki,NLR
and Ki,patlak was 0.0016 with 95 % limits of agreement of
-0.0077 and ?0.011. Moreover, the trend line almost
coincided with the line of identity, indicating that Ki,NLR
and Ki,patlak yield identical results. Figure 3 shows the
correlation of the measured SUVmean30 (Fig. 3a) and
SUVmean60 (Fig. 3b) with Ki,NLR. Both SUVmean30 and
SUVmean60 were highly correlated to Ki,NLR (R
2 = 0.82 and
R2 = 0.64, respectively). Despite this good correlation, it
can be seen from the figures that for individual regions,
rather large deviations from the trend line were present.
Figure 4 shows the relationship between the measured
SUVmean at 30 (Fig. 4a; SUVmean30) and 60 min (Fig. 4b;
SUVmean60) with that of the calculated SUVmean derived
from the dynamic data (SUVmean30/60,2TCM). It can be
observed that the deviation from the trend line decreased
compared to Fig. 3, which was supported by an increase in
R2 values to 0.93 and 0.78, respectively. With Eq. (3) in
mind, this improvement in correlation after addition of s
indicated that the residence time was a patient-specific
factor that added variability to SUV not directly related to
local bone incorporation (Ki).
Figure 5 shows the Bland–Altman plots for the data
shown in Fig. 4. The mean difference between SUVmean30
and SUVmean30,2TCM was -0.052 with 95 % limits of
agreement of -1.3 and ?1.1. The mean difference between
SUVmean60 and SUVmean60,2TCM was ?0.43 with larger
95 % limits of agreement of -2.3 and 3.0. In both Bland–
Altman plots, only a few regions exceed the 95 % confi-
dence interval (CI) limits. Using SUVmean30,2TCM, a mea-
sured SUVmean30 of 8 would be calculated from the
dynamic data to lie between 7 and 9 with a CI of 95 %.
Using SUVmean60,2TCM, a measured SUVmean60 of 8 would
lie between 6 and 10.5 with a CI of 95 %. Thus, values of
the calculated SUVmean60,2TCM from the dynamic 30-min
scan corresponded well with the measured SUVmean60 from
the static scan at 60 min post-injection.
Table 2 shows the parameters in the pseudarthrosis
(n = 6) and fused (n = 10) patient groups. Of all param-
eters obtained, only those regarding the incorporation of
bone [Ki,NLR, Ki,patlak, k3/(k2 ? k3)] differed statistically
significant in the intervertebral disc space between the
pseudarthrosis and fused patients group. The values of s
range between 64.4 and 115 Bq s/Bq with a standard
deviation of 13.4 Bq s/Bq, which is 16.3 % of the mean
value 81.9 Bq s/Bq. For the pseudarthrosis group, s had a
Fig. 2 Correlation plot and Bland–Altman plot of Ki,NLR and Ki,patlak.
a Pearson correlation plot with correlation value R2 (p\ 0.0001)
between Ki,NLR and Ki,patlak. Blue crosses represent the control region
data and red circles represent the operated region data. The dotted
line in the graph is the line of identity. Equation y shows the deviation
of the data from the line of identity, representing the difference
between the two parameters. b Bland–Altman plot for the data shown
in a. The middle horizontal line represents the mean difference value,
the upper and lower lines represent the 95 % confidence interval
804 Ann Nucl Med (2015) 29:799–809
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mean of 87.4 with a standard deviation of 7.2. For the
fusion group, s had a mean of 74.3 with a standard
deviation of 7.4. The mean values of s differed statisti-
cally significant between the pseudarthrosis and the fusion
group, with a p value of 0.011. This may correspond with
the lack of statistical significance of the SUV values.
Discussion
Blake has shown that the dependency of SUV on
clearance rate can lead to erroneous conclusions as
opposed to Ki which is independent of clearance rate
[22]. Small differences were only detectable with Ki [30,
31]. Brenner found, in a study on limb and thoracic
spine bone grafts, that with Ki, smaller changes in bone
metabolism could be detected than with SUV due to a
wider 95 % range of results for SUV (±58.0 %) as
compared to Ki,NLR (±20.2 %) and Ki,patlak (±23.0 %)
[31]. Although the patient population in these studies
might not be representative for our present population, it
shows the effect that differences in clearance can have
on results. In our study, the rate of clearance was
incorporated in the parameter s. It was shown that in
this particular patient population, the patient-specific
factor s introduced an additional inter-subject variability
of 16.3 % to SUV that was not directly related to local
bone metabolism. Table 2 shows significant differences
between patient groups in dynamic parameters Ki,NLR,
Ki,patlak and k3/(k2 ? k3) but not in static parameters
(SUV). This can be explained by the significant differ-
ence in s between patient groups, which is accounted
for in dynamic but not in static analysis. Our results
suggest that blood clearance rates in patients suffering
Fig. 3 Correlation plots Ki,NLR and SUVmean at 30 and 60 min. Pearson correlation plot with correlation values (p\ 0.0001) between
SUVmean60 (a), SUVmean30 (b) and Ki,NLR. Blue crosses represent the control region data and red circles represent the operated region data
Fig. 4 Correlation plots SUVmean and SUVmean,2TCM at 30 and
60 min. Pearson correlation plots with correlation values between the
measured SUVmean30 and the calculated SUVmean30,2TCM (a), and
SUVmean60 and SUVmean60,2TCM (b) (p\ 0.0001). Blue crosses
represent the control region data and red circles represent the
operated region data. The dotted line in the graph is the line of
identity. Equation y shows the deviation of the data from the line of
identity, representing the difference between the two parameters
Ann Nucl Med (2015) 29:799–809 805
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from pseudarthrosis is altered and thus dynamic param-
eters are of possible additional value in the evaluation of
such patients. However, further prospective studies in
larger and more homogeneous patient groups must be
done to confirm these results.
The dynamic parameter K1 has experimentally been
shown to relate to blood bone perfusion in a porcine model
[32] and used by others in the study of patients with hip and
lumbar spine osteoporosis [27]. Recently, in a small study
in patients comparing mandibular or hip surgery patients
with normal volunteers, Raijmakers et al. [33] showed a
low correlation between K1 and bone blood flow as mea-
sured by 15O–H2O PET. Puri suggested that changes in k3/
(k2 ? k3) may be the best means of using
18F-PET scans to
investigate changes in osteoblastic activity [27]. In our
study, the parameters K1, k2, k3 and vb were not statistically
significant different between all control and operated
regions. This observation might correspond to the reported
decrease of stability of K1, k2, k3 compared to Ki,NLR [31,
34, 35]. Cook et al. stated that due to possible limitations of
the model, the physiological significance of parameters k2
and k3 is not meaningful in relation to the mineralized
skeleton [35]. Our study suggests that k3/(k2 ? k3), the
parameter that represents the portion 18F-fluoride that binds
to the mineral after entering the unbound compartment, is
also a stable parameter with statistical significance between
control and operated ROIs of 0.0030–0.016 in Table 1 as
well as in the intervertebral disc space between pseu-
darthrosis and fused patients (p = 0.016) in Table 2. K1/k2
could be interesting as well with a large effect size and
statistical significance between control and operated ROIs
of 0.0040–0.030 in Table 1. The ability to separately
evaluate K1, K1/k2 and k3/(k2 ? k3) allows one to distin-
guish between different biological processes in a ROI.
Separate parameters related to blood flow and to
osteoblastic activity can be of great value in the early
assessment of patients after PLIF surgery. Future studies
have to show whether these differences in dynamic
parameters are clinically relevant in particular patient
groups other than the spinal surgery patients used in this
study.
The study has a number of limitations. Dynamic scan-
ning was performed for only 30 min, while several other
18F-fluoride dynamic studies scanned for 60 min [22, 33,
36]. However, such a long protocol was not feasible in
these patients with considerable degree of back pain. Since
our scan protocol included a dynamic and a static scan in
between which the patient left the scanner, the regions
drawn in the dynamic and static scan did not coincide
perfectly, which influenced the observed difference in
correlation coefficient of Ki,NLR and SUVmean60 as com-
pared to Ki,NLR and SUVmean30. This also resulted in a
larger 95 % CI in the Bland–Altman plot of SUVmean60 and
SUVmean60,2TCM as compared to the plot of SUVmean30 and
SUVmean30,2TCM. Therefore, Ki,NLR was also compared to
SUV at 30 min since in this comparison the exact same
ROIs were used. However, our objective was not to com-
pare both time intervals, but to test the feasibility of a
relatively short image acquisition in view of patient com-
fort, clinical applicability and patient throughput. Indeed,
given the rapid kinetics of 18F-fluoride [37], other authors
[21] have previously shown that it is possible to estimate
Ki,NLR from a 4-min static scan of the lumbar spine
between 30 and 60 min together with 2–4 venous blood
samples, providing errors relative to the Patlak values of
?0.6 % at 30 min after injection, increasing up to -3.3 %
at 60 min. Although this is a different clinical approach, the
present results show correlations of parameters similar to
Fig. 5 Bland–Altman plots of SUVmean and SUVmean,2TCM at 30 and
60 min. Bland–Altman plots, mean SUV measured from the PET scan
(SUVmean30, SUVmean60) and calculated with Ki,NLR (SUVmean30,2TCM,
SUVmean60,2TCM). The middle horizontal line represents the mean
difference between SUVmean and SUVmean,2TCM. The upper and lower
lines represent the 95 % confidence interval limits. Blue crosses
represent the control region data and red circles represent the
operated region data
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values reported in other studies, indicating that dynamic
scanning for 30 min may be sufficient. Furthermore, the
time interval between PLIF surgery and PET/CT was
variable. However, inclusion was performed on the basis of
clinical ground, i.e., persistent back pain after lumbar
surgery. Besides, for the aim of this study, to compare the
static and dynamic analysis methods, this was not an issue.
Our analysis approach involved the use of an IDIF instead
of the gold standard of arterial sampling. The use of an
IDIF in the aorta to obtain bone metabolism values in the
spine has been performed before and was validated against
arterial sampling [38].
To conclude, this study shows the feasibility of a 30 min
dynamic 18F-fluoride PET/CT scanning and this may pro-
vide dynamic parameters clinically relevant to the diag-
nosis of pseudarthrosis.




Parameter Region of interest Pseudarthrosis (n = 6)a Fused (n = 10)a p valueb
SUVmean30 (–) UE 8.5 (2.1) 7.2 (2.1) 0.279
IDS 7.3 (2.4) 6.7 (1.8) 0.786
LE 8.7 (2.1) 7.2 (1.6) 0.144
SUVmax30 (–) UE 13 (3.6) 10 (3.0) 0.100
IDS 12 (3.5) 11 (3.0) 0.524
LE 13 (3.5) 11 (2.8) 0.160
SUVmean60 (–) UE 10 (3.2) 8.0 (1.4) 0.275
IDS 7.3 (2.7) 7.5 (1.3) 0.622
LE 11 (3.3) 8.0 (1.2) 0.126
SUVmax60 (–) UE 17 (5.8) 12 (2.3) 0.145
IDS 14 (5.1) 12 (2.6) 0.617
LE 17 (5.9) 12 (3.2) 0.170
Ki,patlak (min
-1) UE 0.077 (0.012) 0.082 (0.026) 0.551
IDS 0.062 (0.018) 0.081 (0.020) 0.050
LE 0.082 (0.017) 0.083 (0.022) 0.810
Ki,NLR (min
-1) UE 0.07 (0.013) 0.081 (0.021) 0.355
IDS 0.045 (0.019) 0.083 (0.019) 0.004
LE 0.07 (0.015) 0.084 (0.020) 0.137
K1 (ml g
-1 min-1) UE 0.19 (0.023) 0.19 (0.036) 0.937
IDS 0.15 (0.038) 0.18 (0.045) 0.355
LE 0.18 (0.023) 0.20 (0.090) 0.516
k2 (min
-1) UE 0.19 (0.11) 0.25 (0.24) 0.333
IDS 0.22 (0.16) 0.29 (0.28) 0.454
LE 0.16 (0.094) 0.39 (0.75) 0.448
k3 (min
-1) UE 0.10 (0.045) 0.17 (0.15) 0.266
IDS 0.09 (0.063) 0.22 (0.18) 0.066
LE 0.10 (0.055) 0.19 (0.18) 0.269
vb (–) UE 0.047 (0.019) 0.037 (0.012) 0.152
IDS 0.046 (0.020) 0.037 (0.013) 0.547
LE 0.046 (0.020) 0.036 (0.013) 0.431
K1/k2 (ml g
-1) UE 1.8 (1.9) 2.1 (2.5) 0.894
IDS 0.6 (2.1) 1.6 (1.8) 0.879
LE 1.9 (1.9) 2.9 (5.6) 0.759
k3/(k2 ? k3) (–) UE 0.36 (0.044) 0.44 (0.12) 0.215
IDS 0.29 (0.091) 0.47 (0.13) 0.016
LE 0.40 (0.067) 0.46 (0.18) 0.506
UE upper endplate, IDS intervertebral disc space, LE lower endplate
a Values as mean (SD in brackets), 2 significant digits
b The p value indicates the statistical difference between the pseudarthrosis and fusion patients
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Appendix: Analytical solution for time-dependent
tissue radioactivity concentration
NLR analysis was based on the irreversible 2TCM of
Hawkins [23] with three parameters and a blood volume
fraction (Fig. 6).
The measured radioactivity concentration can be cal-
culated from the dynamic parameters, since CT in Fig. 6
represents the radioactivity concentration measured by the
PET scan. Solving the system of differential Eq. (4) yields
expressions for the radioactivity concentration in the
compartments CF and CB which can be combined into an
expression for CT (5) that can deduced from Fig. 6.
dCFðtÞ
dt










CT tð Þ ¼ CF tð Þ þ CB tð Þ

















Ki;NLR  r t0 CAðtÞdt
ID=m
ð7Þ
Whether the exact relation (6) or the simplification (7) was
used to calculate SUVmean,2TCM is dependent on whether
the assumption of time goes to infinity applied to the par-
ticular time point.
The arterial input concentration (CA) is known for the
first 30 min from the dynamic scan. To obtain the arterial
input concentration at later time points, the CA curve was
extrapolated with an exponential function from the peak of
the CA curve of 0–30 min.
The factor between SUV and Ki,NLR can also be written
as physically interpretable terms (8).
lim
t!1 SUV2TCM ¼ Ki;NLR 




¼ Ki;NLR  s 1
fb
¼ Ki;NLR  s
ð8Þ
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
References
1. van Tulder MW, Koes BW, Bouter LM. A cost-of-illness study of
back pain in The Netherlands. Pain. 1995;62(2):233–40.
2. Lambeek LC, van Tulder MW, Swinkels IC, Koppes LL, Anema
JR, van Mechelen W. The trend in total cost of back pain in The
Netherlands in the period 2002–2007. Spine. 2011;36(13):
1050–8.
3. Volinn E. The epidemiology of low back pain in the rest of the
world. Spine (Phila Pa 1976). 1997;22(15):1798.
4. Walker BF. The prevalence of low back pain: a systematic review
of the literature from 1966 to 1998. J Spinal Disord. 2000;
13(3):205–17.
5. Deyo RA, Bass JE, Walsh NE, Schoenfeld LS, Ramamurthy S.
Prognostic variability among chronic pain patients: implications
for study design, interpretation, and reporting. Arch Phys Med
Rehabil. 1988;69(3 Pt 1):174–8.
6. Willems PC, Staal JB, Walenkamp GH, de Bie RA. Spinal fusion
for chronic low back pain: systematic review on the accuracy of
tests for patient selection. Spine J. 2013;13(2):99–109.
7. Larsen JM, Capen DA. Pseudarthrosis of the lumbar spine. J Am
Acad Orthop Surg. 1997;5(3):153–62.
Fig. 6 The 2TCM model. Three-compartment, 4-parameter model
for fluoride bone metabolism. Each compartment contains a certain
concentration of 18F: CA (Bq/ml) is the arterial radioactivity
concentration, CF (Bq/ml) represents the free concentration in the
extravascular space unbound to bone and CB (Bq/ml) refers to the
radioactivity bound to bone either on the bone surface or fully
incorporated in the hydroxyapatite [23]. CT (Bq/ml) represents the
total tissue radioactivity concentration that the PET scanner will
measure, which is equal to the summation of CF and CB. The rate
constants K1–k4 describe the transport rate of the fluoride between the
compartments. Rate constant k4 can be ignored for this particular
situation since the amount of fluoride that will be released after
binding to the hydroxyapatite within the time frame of the PET
measurement is negligible. A fractional blood volume parameter, vb
(–), was also included in the model to account for the plasma and red
cell 18F-fluoride activity in the tissue region. Due to gains and losses
from adjacent compartments, the rate of change of tracer concentra-
tion in the extravascular space and in the bound compartment can be
described
808 Ann Nucl Med (2015) 29:799–809
123
8. Turner JA, Ersek M, Herron L, Haselkorn J, Kent D, Ciol MA,
et al. Patient outcomes after lumbar spinal fusions. JAMA.
1992;268(7):907–11.
9. Raizman NM, O’Brien JR, Poehling-Monaghan KL, Yu WD.
Pseudarthrosis of the spine. J Am Acad Orthop Surg. 2009;17(8):
494–503.
10. Madanat R, Moritz N, Larsson S, Aro HT. RSA applications in
monitoring of fracture healing in clinical trials. Scand J Surg.
2006;95(2):119–27.
11. Ploumis A, Mehbod A, Garvey T, Gilbert T, Transfeldt E, Wood
K. Prospective assessment of cervical fusion status: plain radio-
graphs versus CT-scan. Acta Orthop Belg. 2006;72(3):342–6.
12. Brodsky AE, Kovalsky ES, Khalil MA. Correlation of radiologic
assessment of lumbar spine fusions with surgical exploration.
Spine. 1991;16(6 Suppl):S261–5.
13. Carreon LY, Djurasovic M, Glassman SD, Sailer P. Diagnostic
accuracy and reliability of fine-cut CT scans with reconstructions
to determine the status of an instrumented posterolateral fusion
with surgical exploration as reference standard. Spine. 2007;
32(8):892–5.
14. Cleveland M, Bosworth DM, Thompson FR. Pseudarthrosis in
the lumbosacral spine. J Bone Joint Surg Am Vol. 1948;30A(2):
302–12.
15. Hilibrand AS, Dina TS. The use of diagnostic imaging to assess
spinal arthrodesis. Orthop Clin North Am. 1998;29(4):591–601.
16. Gamie S, El-Maghraby T. The role of PET/CT in evaluation of
Facet and Disc abnormalities in patients with low back pain using
(18)F-Fluoride. Nucl Med Rev Cent East Eur. 2008;11(1):17–21.
17. Fischer DR, Zweifel K, Treyer V, Hesselmann R, Johayem A,
Stumpe KD, et al. Assessment of successful incorporation of
cages after cervical or lumbar intercorporal fusion with
[(18)F]fluoride positron-emission tomography/computed tomog-
raphy. Eur Spine J. 2011;20(4):640–8.
18. Brans B, Weijers R, Halders S, Wierts R, Peters M, Punt I, et al.
Assessment of bone graft incorporation by 18 F-fluoride positron-
emission tomography/computed tomography in patients with
persisting symptoms after posterior lumbar interbody fusion.
EJNMMI Res. 2012;2(1):42.
19. Quon A, Dodd R, Iagaru A, de Abreu MR, Hennemann S, Alves
Neto JM, et al. Initial investigation of (1)(8)F-NaF PET/CT for
identification of vertebral sites amenable to surgical revision after
spinal fusion surgery. Eur J Nucl Med Mol Imaging. 2012;39(11):
1737–44.
20. Keyes JW Jr. SUV: standard uptake or silly useless value? J Nucl
Med. 1995;36(10):1836–9.
21. Siddique M, Blake GM, Frost ML, Moore AE, Puri T, Marsden
PK, et al. Estimation of regional bone metabolism from whole-
body 18F-fluoride PET static images. Eur J Nucl Med Mol
Imaging. 2012;39(2):337–43.
22. Blake GM, Siddique M, Frost ML, Moore AE, Fogelman I.
Radionuclide studies of bone metabolism: do bone uptake and
bone plasma clearance provide equivalent measurements of bone
turnover? Bone. 2011;49(3):537–42.
23. Hawkins RA, Choi Y, Huang SC, Hoh CK, Dahlbom M, Schie-
pers C, et al. Evaluation of the skeletal kinetics of fluorine-18-
fluoride ion with PET. J Nucl Med. 1992;33(5):633–42.
24. Patlak CS, Blasberg RG. Graphical evaluation of blood-to-brain
transfer constants from multiple-time uptake data. Generaliza-
tions. J Cereb Blood Flow Metab. 1985;5(4):584–90.
25. Patlak CS, Blasberg RG, Fenstermacher JD. Graphical evaluation
of blood-to-brain transfer constants from multiple-time uptake
data. J Cereb Blood Flow Metab. 1983;3(1):1–7.
26. Frost ML, Blake GM, Cook GJ, Marsden PK, Fogelman I. Dif-
ferences in regional bone perfusion and turnover between lumbar
spine and distal humerus: (18)F-fluoride PET study of treatment-
naive and treated postmenopausal women. Bone. 2009;45(5):
942–8.
27. Puri T, Frost ML, Curran KM, Siddique M, Moore AE, Cook GJ,
et al. Differences in regional bone metabolism at the spine and
hip: a quantitative study using (18)F-fluoride positron emission
tomography. Osteoporos Int. 2013;24(2):633–9.
28. Berman M. Kinetic models for absorbed dose calculations.
Pamphlet No. 12. In: National Cancer Institute NIoH, Bethesda,
Maryland, editor. 1977.
29. Bland JM, Altman DG. Statistical methods for assessing agree-
ment between two methods of clinical measurement. Lancet.
1986;1(8476):307–10.
30. Siddique M, Frost ML, Blake GM, Moore AE, Al-Beyatti Y,
Marsden PK, et al. The precision and sensitivity of (18)F-fluoride
PET for measuring regional bone metabolism: a comparison of
quantification methods. J Nucl Med. 2011;52(11):1748–55.
31. Brenner W, Vernon C, Muzi M, Mankoff DA, Link JM, Conrad
EU, et al. Comparison of different quantitative approaches to
18F-fluoride PET scans. J Nucl Med. 2004;45(9):1493–500.
32. Piert M, Zittel TT, Becker GA, Jahn M, Stahlschmidt A, Maier G,
et al. Assessment of porcine bone metabolism by dynamic. J Nucl
Med. 2001;42(7):1091–100.
33. Raijmakers P, Temmerman OP, Saridin CP, Heyligers IC,
Becking AG, van Lingen A, et al. Quantification of 18F-Fluoride
kinetics: evaluation of simplified methods. J Nucl Med.
2014;55(7):1122–7.
34. Simoncic U, Jeraj R. Cumulative input function method for linear
compartmental models and spectral analysis in PET. J Cereb
Blood Flow Metab. 2010;31(2):750–6.
35. Cook GJ, Lodge MA, Marsden PK, Dynes A, Fogelman I. Non-
invasive assessment of skeletal kinetics using fluorine-18 fluoride
positron emission tomography: evaluation of image and popula-
tion-derived arterial input functions. Eur J Nucl Med. 1999;
26(11):1424–9.
36. Puri T, Blake GM, Frost ML, Siddique M, Moore AE, Marsden
PK, et al. Comparison of six quantitative methods for the mea-
surement of bone turnover at the hip and lumbar spine using 18F-
fluoride PET-CT. Nucl Med Commun. 2012;33(6):597–606.
37. Zanoli G, Stromqvist B, Jonsson B. Visual analog scales for
interpretation of back and leg pain intensity in patients operated
for degenerative lumbar spine disorders. Spine. 2001;26(21):
2375–80.
38. Puri T, Blake GM, Siddique M, Frost ML, Cook GJ, Marsden PK,
et al. Validation of new image-derived arterial input functions at
the aorta using 18F-fluoride positron emission tomography. Nucl
Med Commun. 2011;32(6):486–95.
Ann Nucl Med (2015) 29:799–809 809
123
